ABSTRACT: An existing marine benthos production model, based on population characteristics, and a freshwater invertebrate production model, based on population characteristics and temperature, were tested for applicability to marine benthos populations from around the world. The freshwater model makes poor predictions of marine secondary production while the marine model makes better predic tions but errors are correlated with both water temperature and water depth. A new marine benthos production model is therefore constructed that accounts for world-wide variation in benthos biomass, individual body mass, water temperature and depth. This multivariate analysis shows that secondary production rises with biomass (B) as°tBl as others have found and production varies with population maximum body mass (Wm) as Wm~°-2S as suggested by allometric theory. The strong effect of tempera ture indicates that the Qi0of secondary production is between 2 and 2.5. The effect of depth is strongly negative, suggesting that food quality may be lower at greater depth but the effect of depth is lessened in cold seas. Residual analyses accounting for the influences of biomass, body mass, temperature and depth suggest that anthropogenically enriched regions of the sea are more productive than oligotrophic waters. Our results suggest that rare, large animals living in the depths of cold seas support the lowest rates of exploitation and are thus at greatest risk of extinction from overexploitation.
INTRODUCTION
The measurement of secondary production has assumed a fundamental role in the quantification of ecosystem dynamics, since production is one of the major pathways of energy flow (Edmondson 1974 , Waters 1977 . The animal and plant biomass produced per unit time is the most important parameter for esti mating the sea's total productivity (Greze 1978) . The estimation of secondary production is of basic impor tance to the rational management of natural resources (Waters 1977 , Downing 1984 , because it is the primary 'Addressee for correspondence instrument for the evaluation of the trophic potential of the components of each ecosystem. For example, marine benthic invertebrates represent an important link in the energy flow from primary producers to fish and in the recycling of sedimented organic matter (Crisp 1984) . Therefore, an understanding of the fac tors influencing the production of marine benthic invertebrates is of central importance to the compre hension of the functioning of marine ecosystems.
In spite of the fact that marine invertebrates provide over 3.5 billion kg of food annually worth $10 billion sis showed that secondary production is correlated with mean annual biomass, maximum individual body mass (Wm) and annual mean surface water tempera ture (Ts) as: log/3 = 0.06 + 0.79logB -0.16log Wm + 0.05 Ts. Morin & Bourassa (1992) and Benke (1993) have developed similar models for stream inverte brates. Freshwater production models thus account for the influence of some environmental variables on sec ondary production, but marine production models still only account for simple population parameters. It is unknown whether Brey's model can adequately describe the production of organisms from diverse environments, or whether there is a difference between secondary production in marine environ ments and that predicted by the more complex fresh water models.
There is ample reason to believe that marine benthos production is strongly influenced by environmental factors such as temperature and depth. In general, pro duction should be greatest where temperature is high est, because physiological rates are greater in warm ectotherms (Robinson et al. 1983) . Because organic matter decomposes as it sinks (Ferrante & Parker 1977 , Urrere & Knauer 1981 , Mann 1988 ), food quality may decrease with increasing depth (Honjo 1980 , Pommeroy et al. 1984 , Roman & Tenore 1984 . Wolff (1977) suggested that differences in food availability to benthic communities may give rise to positive relation ships between benthic biomass and surface produc tivity, and negative relationships between benthic biomass and depth (Sparck 1935 , Rowe 1971 . Alterna tively, species that live at great depth may be well adapted to low food quality (Lopez & Levinton 1987) .
Depth may influence production beyond the simple physiological effect of temperature, however. Food quality may also change with depth at different rates in warm and cold climates (Honjo & Roman 1978 , Hobbie & Cole 1984 , Amon & Herndl 1991 , therefore depth may have less effect on production in cold seas than in warm ones. Depth may have more impact on sec ondary production in marine than freshwaters (cf.
Plante & Downing 1989 ) and the effect of depth may vary with water temperature.
The objective of this study was to test the efficacy of the Brey and Plante-Downing models for the predic tion of marine invertebrate production. Because these 2 models inaccurately account for variation in the pro duction of marine invertebrates, a new model was sought to account for world-wide variations in the pro duction of this important faunal group.
MATERIALS AND METHODS
Patterns in production of marine benthos popula tions were investigated using estimates of population secondary production collected from the world litera ture. We wished to consider the widest possible range of populations, but concerns about data reliability and measurement consistency led us to consider only esti mates derived using classical methods such as the increment summation, the removal summation, the Allen curve, the instantaneous growth rate and sizefrequency methods (Allen 1951 , Hynes & Coleman 1968 , Hamilton 1969 . Production rates estimated indi rectly as the product of general P/B ratios and B, and as functions of respiration, were rejected a priori.
The annual production, the average annual biomass and the maximum individual body mass were deter-mined for each population. For those populations for which several years of sampling were available, annual means were extracted for each year. Estimates calculated on a period less than 12 mo or for which some cohorts were excluded from consideration were not included in our analyses. All the estimates were converted to common units of g dry mass m~2 for annual mean biomass and mg dry mass for individual body mass in order to test the Plante-Downing model. Particular care was taken with molluscan masses in order that they be comparable with other organisms' masses. We therefore retained only molluscan bio mass, production and individual body mass values which were obtained by dissolving shells with HC1 prior to weighing. A conversion factor (Brey et al. 1988) was sometimes used to convert ash-free dry masses (AFDM) to dry masses without shells. The Brey model was created using AFDM, not simple dry masses, so dry mass data were converted to g AFDM m~2 using published conversion factors (Waters 1977 , Brey et al. 1988 , where necessary, to test this model.
The maximum individual body mass {Wm, mg dry mass) was read from size-frequency histograms, from mean length of the largest size class, or from age:body mass relationship using length:weight relationships provided by authors. In 1 case, body mass was deter mined from data on a close congener.
The annual mean bottom (Tb) and surface (Ts) water temperatures (°C) were either obtained from the authors of specific production studies or were calcu lated from published, site-specific temporal trends in water temperature. In 27 % of the cases, Ts was taken from an Atlas of World Temperature (U.S. Navy 1955).
Although these data were collected several years ago, average annual ocean temperatures are time-stable (Tait 1981 ) and have changed little over this century (Bethoux et al. 1990 ). Daily and annual variations in temperature are known to influence the physiological demands on benthic organisms (Kinne 1970 , Aarset & Aunas 1990 ), but temperature variation could not be considered because of the rarity of such detailed, site-specific infor mation. Depth (Z) was expressed in meters, assigning a value of 0 m to all intertidal sampling stations.
The adequacy of existing production models (Plante & Downing 1989 , Brey 1990 ) was examined by testing the hypothesis that the relationship between observed and predicted points is 1:1 ittest). Statistical lack of fit attributable to environmental conditions was deter mined by examining the relationship between the residuals of the predicted South HO values using the Brey (1990) and Plante & Downing (1989) models and the ambient Ts, Tb and Z. The LOWESS procedure, an unbiased estimator of non-lin ear trends (Cleveland 1979) , was used to assess the form of these relationships.
Stepwise, least-squares multiple regression was used to explore the relationship between P and B, Wmi
Tb, Ts and depth [log (Z+l)]. All variables except tem perature (Plante & Downing 1989 ) were transformed to their logarithms to linearize responses and reduce heteroscedasticity. Depth was transformed to log (Z+l) because many intertidal populations (Z = 0 m) were included in the data set. The interaction term [ThZ] was used to assess whether temperature effects were constant with depth. Only variables with partial ef fects significant at the p < 0.001 level were retained, and insignificant variables were eliminated using for ward selection (Hocking 1976 ). Tukey's Studentized range test was used to compare the estimated produc tion for different taxonomic groups, zones and envi ronments.
RESULTS
The data collected include 125 populations of model-free method of finding the trend in bivariate data (Cleveland 1979) Standing biomass varied from 3.8 mg dry mass m"2 in The marine production model of Brey (1990) fits the data well while the freshwater model of Plante & Downing (1989) underestimates marine production.
The Brey model fits the data with no systematic lack of fit ( Fig. 2A) The slope of the relationship between log,0P predicted using Brey's model and the logi0P observed in the field was not significantly different from 1 (p < 0.05). The LOWESS curve shows that the slope is closest to 1 for highest production values. The freshwater model of Plante & Downing (1989) fits the marine data less well. The slope of the relationship between predicted log10P and observed production in marine ecosystems is significantly different from 1 (Fig. 2B) , indicating that the production of low produc tivity marine populations is overestimated by the fresh water model, while the productivity of highly produc tive populations is underestimated. The LOWESS analysis shows that the error is proportionally greatest for populations with low production.
Although Brey's marine production model correctly estimates the influence of biomass and body mass, the errors are large and are systematically correlated with environmental conditions. Analysis of the residuals of this model shows clear covariation with both tempera ture and depth (Fig. 3 ). The Brey model makes errors of > 10-fold for extremely warm or cold seas or for very shallow or deep sites (Fig. 3) . This residual analysis
demonstrates that accurate models of secondary pro duction must account for variations in environmental conditions.
Stepwise multiple regression analysis quantifies this strong dependence of P on B, Wm, TSI and Z for marine Bottom Temperature (°C) -1.5 Fig. 3 . Relationships between the residuals of the Brey (1990) model of marine invertebrate secondary production ( Fig. 2A) and (A) the sea-surface temperature, (B) the water tempera ture at the bottom where the benthic organisms were living, and (C) the depth (Z; in m) of the water at each study site. (1 & 2) shows that there was no significant differ ence between the production of intertidal and soft-bot tom populations, but there was a significant difference (p < 0.05) between production rates of benthic popula tions found in shallow seagrass beds and those living in intertidal or soft-bottom environments (Table 1 ). The Tukey test reveals that there was no significant (p < 0.05) difference in the production of estuarine and Table 3 . Fit to the trend in Eq. (2) (Table 2) . Further, of the 10 taxonomic groups which were present in the data set, only a few populations of gastropods departed significantly from the general trend described by Eqs. (1 & 2) (Table 3) .
DISCUSSION
Biomass is the most important variable explaining world-wide variation in marine secondary production.
It alone is responsible for 77 % of the explained varia tion in Eq. (1). The coefficient associated with biomass is 0.96, which is not significantly different from 1, indi cating that there is no demonstrable density-depen dence of biomass turnover rate in this fauna. The same result was indicated by the analyses of Banse & Mosher (1980) , Brey (1990) and Morin & Bourassa (1992) . The finding of a coefficient close to unity sug gests that the P/B ratio is constant with B for popula tions of equivalent body mass under similar environ mental conditions.
Body mass is the second most important variable for determining marine secondary production. Our analy sis confirms that the production of marine inverte brates is negatively related to body mass as «=Wm"0>21, where B is statistically held constant. This exponent is not significantly different (p < 0.05) from -0.25, the value suggested by general allometric theory (Peters 1983 ). The observed value also agrees with the expo nent of -0.27 found by Brey (1990) , and is statistically indistinguishable from the exponent found in the Plante-Downing freshwater model (Wm"016). Our re sult, however, contrasts with Banse & Mosher's (1980) finding that production varies as Wm~037. The differ ences among the exponents may arise from statistical fits that are influenced by variables that are unac counted for in other models. For example, if we were to fit the bivariate relationship between production and body mass without considering Wm, T or Z, we would find an exponent of -0.16. Perhaps these apparent dif ferences among exponents of production models are due less to real differences among the data sets than to statistical artifacts due to unexplained variation.
P/B can be considered an indicator of the maximum limit of sustainable exploitation of populations. Be cause P/B declines with Wm ( Fig. 5) , small species can be exploited at greater rates than large ones, since their renewal rates are high and they can replace their vertebrates due to their lower intrinsic population growth rates (Belovsky 1987 , Godman 1987 , Pimm et al 1988 , which leads them to be extremely vulnerable to extinction (Fenchel 1993) and to rebound slowly after a catastrophic decline (Peters 1983) .
Ours is the first study to seek general patterns in the combined effects of biological and environmental characteristics on the secondary production of a broad variety of populations of marine invertebrates. Since production is the result of metabolic processes, it is not surprising that temperature has an influence on it.
Ecologists have known for many years that tempera ture influences biological activities (Downing 1984) . to the standard Ql0 found for many physiological rates (Hardy 1973) . This finding suggests that the influence of temperature on secondary production may be the result of increased physiological rates in warmer waters.
The negative coefficient associated with depth in temperature, has significantly lower production if it lives in a deeper habitat. This may be due to the fact that a much greater proportion of primary production reaches the bottom in shallow coastal waters than in deep oceans (Mann 1988) . Benthic organisms at deep sites depend primarily on low-quality food such as fecal pellets, crustacean exuviae, organic detritus with a scarce phytoplanktonic component that is degraded during sedimentation (Ferrante & Parker 1977 , Urrere & Knauer 1981 and thus decreases in quantity and quality with increased depth (Honjo 1980 , Pomeroy et al. 1984 , Roman & Tenore 1984 . This interpretation is bolstered by the significant interaction term in Eq. (2), which shows that production decreases much more rapidly with increasing depth in warm waters (Fig. 6) , where the breakdown of sedimented organic matter would be most rapid.
Likewise, there are apparently differences in the secondary production of different types of marine envi ronments. The data suggest that seagrass beds support higher production than soft bottoms and intertidal zones ( Our analyses predict that biomass-specific produc tion levels for animals of a given body mass decrease systematically from low latitudes through subarctic zones, and decrease, regardless of latitude, from shal low waters to the ocean depths (Fig. 6 ). The effect of temperature is strongest in shallow waters and becomes progressively weaker as depth increases. Our analyses therefore predict a stronger effect of depth in warm waters at low latitudes and subtropical zones.
Biomass-specific production rates appear to be highest Eq. (2) shows that the production of populations from Chesapeake Bay, USA, are on average 60% higher than that predicted by Eq. (2). Chesapeake Bay is a highly eutrophic estuary. Further precision may there fore be had in future models by accounting for differ ences in food availability or ecosystem productivity, factors that can often limit benthic populations (Marsh & Tenore 1990 ). Unfortunately, this task may be diffi cult because differences in food availability arise from the interaction of many factors, including community structure and interspecific competition (Sarvala 1986 ), which may assume differential importance depending upon trophic level and feeding behaviour. Others (e.g. Robertson 1979) have hypothesized that population structure may also play a role, and that production may be influenced by the numerical dominance of young or senescent individuals. Our analysis underscores the importance of considering both environmental and population characteristics in studies of the secondary production of marine benthic invertebrates.
